ABSTRACT Ultrawideband (UWB) technology can provide short-range, high bandwidth communications at a very low energy consumption level, which is quite attractive for wireless body area networks (WBAN). In such a system, the presence of the human body brings huge challenges for both the design of the wearable antenna and the propagation model. First of all, the coupling between the wearable antenna and the human body should be considered even in the initial steps of the design, in order to be able to deal with both the possibly deteriorating performance of the antenna as a result of the body and the exposure risk for the body. Second, the propagation channel in WBAN is influenced by the continuous movement of the human body, due to the time-varying scattering of the electromagnetic waves. Lots of researchers have been active in this area and some significant progress has been achieved recently. This paper retrospects the latest results in the field of wearable ultrawideband antennas, propagation channels, and their respective application in WBAN systems.
I. INTRODUCTION
Wireless body area networks (WBAN) have attracted significant attention due to the wide range of potential applications, such as health monitoring, sports, emergency rescue services, and care for the underprivileged children and elderly [1] , [2] . To reduce power spectral density, which translates to longer battery life and reduced electromagnetic exposure for continuous on-body usage, ultra-wideband (UWB) technology is a good candidate in a WBAN system [3] , [4] . The wearable antenna is a key component in WBAN systems for the communication with other devices, whether on or off the human body [5] . However, designing a wearable antenna for these systems is extremely challenging, especially for ultrawideband operation. The first design consideration is the coupling between the antenna and the human body, which affects the antenna performance and potentially results in a high electromagnetic exposure. This coupling should be considered in the initial step of the design flow. The next inevitable challenge is to cope with the antenna deformations when worn on body.
Steps need to be taken to ensure that the performance does not degrade significantly. Another important issue is the performance robustness in different environments. This involves aspects as temperature, humidity, distance to human body and other clothes, washing capability, etc. Other more common requirements such as low profile, light weight, mechanical flexibility, comfort for users, easy fabrication, and low cost, are also important for a wearable antenna.
Besides antennas, WBAN propagation channels are also quite unique compared to the traditional channels in normal outdoor and indoor environments [6] , [7] . Scattering from the body is a changing parameter due to the movement of the user itself, which will enhance or complicate the multipath phenomenon. The rotation of body parts, e.g. head, arms and legs will change the polarization of the reflected wave, which causes polarization mismatch. Besides that, losses due to the absorption in the human body are much larger compared to other types of losses, which will lead to a relatively higher path loss.
Many researchers are currently involved in solving all these challenges-0. For example, several different types of designed UWB antennas already have shown a very reasonable performance in WBAN systems [8] - [30] . The propagation properties of the channels have also been studied and some general conclusions already have been drawn [31] - [44] . In view of this, it is fruitful to retrospect the recent progress in the field of wearable ultrawideband antennas and their application in WBAN systems. This paper is organized as follows. First, several types of UWB antennas for both on-and off-body communications will be discussed and compared. Then the UWB propagation channels will be reviewed, especially for the on body situation. Next, the application of UWB antennas in WBAN will be considered [45] - [50] . Several examples such as indoor localization and breathing monitoring using a UWB radar system will be used to illustrate the field of wireless UWB.
II. UWB WEARABLE ANTENNAS FOR OFF-BODY COMMUNICATION A. MONOPOLE / DIPOLE ANTENNAS
The planar monopole antenna topology is widely used in UWB communication systems due to its simple structure, wide bandwidth and reasonable radiation performance. It was one of the first topologies used for wearable applications. Verbiest and Vandenbosch [8] , [9] presented a small printed tapered triangular monopole with microstrip line feeding ( Fig. 1) , which was fabricated on a rigid Rogers RO3210 substrate. It operated from 3.3 to 7.6 GHz. The pulse distortion of the antenna was analyzed, and the results indicated that in the presence of a human arm, the pulse distortion is still acceptable.
Similar work was done by Chen et al. [10] , who proposed a small planar UWB monopole and studied its performance near a human head model using both simulations and measurements. Ur-Rehman et al. [11] , [12] proposed a band-notched design for indoor wearable communications, which covers the whole UWB frequency spectrum (from 3.1 to 10.6 GHz), while rejecting the WLAN band around 5.25 GHz. Meanwhile, Deng et al. [13] presented a miniascape-like triple-band monopole, operating within the bands of 3.1 to 3.3, 4.2 to 4.9, and 6 to 10.6 GHz. Several other works have also managed to further miniaturize the conventional monopole topology. An example is the loop antenna by Tuovinen operating in the whole UWB band [14] . Efficiency, specific absorption rate (SAR), and group delay were analyzed near a detailed body mimicking model. Compacting two-dimensional structures using the third dimension is also an effective method for miniaturization. An instance is the compact 3-D dipole antenna for microwave-based head imaging systems designed by Mobashsher and Abbosh [15] , which operates between 1.1 and 2.2 GHz.
As a rigid substrate limits the flexibility of the antennas and further affects user comfort, several designs based on flexible materials have been studied. Sun et al. [16] used cotton textile as the substrate for a planar circular monopole formed using copper tape radiators. Meanwhile, Klemm and Troester [17] improved the fabrication for such antennas by using textiles as both substrate and radiator, see Fig. 2 . Due to its flexibility and the very small thickness, 0.5 mm, the antenna can be directly integrated onto clothing. The adhesive layer which is evenly deposited on the rear of the conductive textile is a convenient solution for attachment to the substrate. This is because this layer can be heat activated using ironing. The stable performance of the prototype validates this technique to be suitable for mass manufacturing. On the other hand, Khaleel [18] fabricated a compact UWB antenna using inkjet printing technology. A Kapton polyimide film was used as the antenna substrate and the antenna conductors were printed using conductive ink (Fig. 3) . This technology enabled the antenna to have an ultra-low profile (50.8 µm) and very light weight, while being mechanically robust. This antenna also shows a stable performance when operating over a large range of temperatures. Moreover, it is more efficient compared to antennas fabricated using textiles due to the low substrate and conductive layer losses.
B. ANTENNAS WITH REAR GROUND PLANES
Despite being simple and easily optimized for wideband operation, a critical disadvantage of the planar monopole topology is that it does not feature conductive shielding between the antenna and the human body. Due to this, there is a high probability that the antenna performance will be significantly degraded when worn on-body, especially in terms of radiation pattern and efficiency. Although the problem is not easily solved, several methods have been proposed to reduce the antenna -body coupling causing the degradation, for example of the radiation pattern. A solution proposed by Tuovinen et al. [19] is to use anisotropic materials as the substrate, which can avoid radiation pattern minima that may impede a good communication. However, the fabrication of such substrate is quite difficult.
To avoid the human body from influencing the wearable antenna performance, it is preferred to use antenna topologies with rear ground planes. One of the simplest and practical topologies with such feature is the well-known microstrip topology, consisting of a ground plane + dielectric layer + radiating patch structure. However, the conventional microstrip antenna has a very limited intrinsic bandwidth, due to the inherent resonance mechanism. To extend this bandwidth, special modifications are necessary. A solution is to use 3D structures such as the folded patch proposed by Kang et al. [20] . The folded part and the slot introduce more resonances for the radiating patch, and the bevel-edge feed structure improves the impedance matching (Fig. 4) . The final design operates from 3.1 to 12 GHz. Since the antenna and the body are totally shielded from each other by a full ground plane, the radiation efficiency almost does not change when used on the human body and the SAR value is much lower compared to conventional planar monopole antennas.
An alternative fully planar solution was proposed by Samal et al. [21] . By carefully designing the shape of the main radiating patch and several parasitic patches, see Fig. 5 , the antenna covers the whole UWB band. The whole antenna was fabricated by using textile materials and the feeding mechanism is simply coaxial pin feeding. A very robust result was obtained for the final prototype both in free space and on body. The fully planar structure makes it very easy to be mass produced. Note that although multi-resonant patch antennas can cover a wide band in frequency domain, in time domain (cf. group delay and fidelity) they generally do not achieve the same performance as planar monopole antennas. Keeping the monopole topology, a natural idea is then to use the monopole as the main radiator, and to integrate it with a reflector to change the radiation pattern from bi-directional to unidirectional. The rear reflector shields the antenna from the influence of the human body, enabling a consistent performance when worn on the human body.
Two small slot antennas were proposed by [22] and [23] , respectively. The slots were either fed by a microstrip or a CPW line, which can be connected to a coaxial connector (Fig. 6 ). Both of them are compact in size and feature directional radiation patterns. However, due to the small distance between the slot and the reflector, their bandwidths do not cover the whole UWB band.
To reduce the distance between the radiator and the reflector, Liu et al. [24] proposed a design based on an artificial magnetic conductor (AMC) plane (Fig. 7) . Since the AMC reflector will give a zero-degree phase for the reflected wave compared to the incident wave, it can be integrated with the VOLUME 6, 2018 [24] 2016 IEEE.
broadband dipole with a small additional distance without affecting the antenna efficiency. In his design Liu reached a thickness of only 5.74 mm. However, AMC structures are in general only capable of operating in a narrow band, causing the final overall design to only operate from 5.7 to 11 GHz. Yimdjo Poffelie et al. [25] proposed an all-textile antenna design with low back radiation and high fidelity, see Fig. 8 . A coupled feeding monopole was combined with a reflector which operates throughout the whole UWB band. The fidelity measured both in free space and on the human body was higher than 95 %. The high fidelity performance indicates that the antenna is suitable for wearable UWB impulse-radio in WBAN applications.
III. UWB WEARABLE ANTENNAS FOR ON-BODY COMMUNICATION
When wearable antennas are used in WBAN systems for on-body communications, the radiation pattern has to be omnidirectional in the horizontal plane and the polarization has to be vertical with respect to the human body. Thus, a vertical monopole with a large ground is a good candidate for this type of systems. However, the height should be reduced considerably to ensure practicality and the bandwidth should be extended to cover the applications targeted. A low-profile vertically polarized UWB antenna was proposed by Koohestan et al. [26] . By combining a modified mono-cone with a top-cross-plate (Fig. 9) , the operating band covers the range from 3.06 to 12 GHz. The radiation efficiency was over 95 % for a thickness of only 8.5 mm. This antenna shows a robust performance on body, and features a stable fidelity in different directions. Other work aiming at reducing the thickness or providing the protective cover can be found in [27] and [28] .
Chahat et al. [29] proposed a planar design for on body communication systems. The antenna was printed on a 1.6 mm thick AR350 substrate with permittivity 3.5, which was located perpendicularly to the surface of the human body (Fig. 10) . Despite not being perfectly omni-directional in the horizontal plane, and being unstable in the lower bands due to the small size of the ground plane, the compact size and planar topology are very attractive for wearable applications.
Another attractive option for on-body communication antennas is the truncated conical dielectric resonator antenna (DRA) proposed by Almpanis et al. [30] , see Fig. 11 . It is capable of covering the lower European ultrawideband (UWB) frequency range (3.4-5.0 GHz). The selected DRA geometry was combined with a capacitively loaded monopole as the feeding mechanism, which results in a lowprofile antenna with wide bandwidth and stable monopolelike patterns. The UWB properties were evaluated by studying the dispersion of a transmitted impulse signal, both in free space and on body. As targeted, the phase characteristics exhibited a linear dependency on frequency.
IV. UWB PROPAGATION CHANNELS FOR WBAN
As the human body has a relatively high permittivity and intrinsically causes losses, it influences the propagation characteristics in a WBAN communication system. In this section, the results published for both off-body and on-body channels will be reviewed [31] - [44] .
A. OFF-BODY CHANNELS
R.G. Garcia-Serna studied off-body propagation channel characteristics in the UWB band from 3.1 GHz to 8 GHz [31] . The channel was experimentally evaluated in terms of path loss (PL) and root mean square (RMS) delay spread, con- In the presence of a human body a high variation in the channel characteristics was observed. The influence of the body shadowing effect on the number of received multipath components was found to be directly related to the variability of the measured values of PL and RMS delay spread.
Meanwhile, P. A. Catherwood studied this problem using a Rician K-Factor approach [32] . He studied how moving limbs and directional antennas affect the values of the K-factor. The author concludes that the human body is primarily an integral part of the radiating structure. His study indicates that the type of environment (e.g. anechoic chamber, reverberation chamber, hospital, office, corridor) is considerably more important for the values of the K-factor compared to the location of the on-body transmitting antenna.
B. ON-BODY CHANNELS
Compared to off-body channels, on-body channels are even more sensitive to the presence and movement of the human VOLUME 6, 2018 body. This makes the effort to characterize the channels linked with different parts of the body even more complex.
One author exploring this aspect is Lim et al. [33] . He used two discone antennas to evaluate the UWB signal propagation along a human arm. The arm was modeled at different levels of complexity in terms of shape and tissue composition in order to determine how significantly these parameters influence the signal propagation characteristics, see Fig. 13 . The author pointed out that the signal propagation was only slightly dependent on the arm model when the two discone antennas are attached to the same arm surface (θ = 0 • in Fig. 13 (a) ). However, the channel is significantly influenced when the antennas are placed on opposite surfaces (θ = 180 • in Fig. 13 (b) ). Moreover, several measurements verified the results obtained from the simulations.
In another work, Zasowski et al. [34] studied the ear-to-ear UWB link, where diffraction was found to be the dominant propagation mechanism, see Fig. 14. This was done via analyses of the mean excess delay, delay spread, and average power delay profile (APDP). Since most energy transmitted into the head was either reflected or absorbed, the authors suggested that the antenna should be designed to take advantage of creeping waves to increase the performance of such systems.
Wang et al. [35] used the FDTD technique and a realistic human body model to simulate on-body channels for various body postures. Several on-body transmission links were also measured and the results indicate a reasonable agreement with the experiments (Fig. 15) . A statistically implemented channel model with a small set of parameters was built to generate discrete time impulse responses, which matched well with the observed data derived from FDTD. This channel model can be further utilized for system design and testing, as it reasonably estimates the system performance.
Other studies of on body UWB channels concentrate on the dependence on antenna type [36] , [37] , the dependence on polarization [37] , and on the MIMO (multiple input multiple output) performance [38] .
V. APPLICATION OF UWB SYSTEMS FOR WBAN
Several UWB systems have been successfully applied in WBAN. These systems involve indoor localization [45] , [46] , breathing activity monitoring [47] , [48] , through-wall radar [49] , muscle force transmission [50] etc. In this section, we will briefly discuss two applications.
A. INDOOR HUMAN BODY LOCALIZATION
Bharadwaj et al. [45] , [46] experimentally assessed a human body localization system using wearable UWB antennas in an indoor environment. Compact and cost-effective UWB wearable antennas were placed at eight different locations on the upper part of the body, see Fig. 16 . The time of arrival (TOA) technique was used for three-dimensional localization. Various features such as rms delay spread, kurtosis, and signal amplitude were used to classify the channel between each antenna and the base station. Non-line-of-sight (NLOS) identification and mitigation techniques were also used to enhance the accuracy of the applied localization technique. The final result was that a high resolution was obtained for the 3D localization, in the range of 1-2 cm with the antennas located on the limbs and 1-3 cm with the antennas located in the torso region.
B. WEARABLE UWB RADARS FOR BREATHING ACTIVITY MONITORING
Pittella et al. implemented a wearable UWB radar system for breathing activity monitoring. The monitoring is performed by analyzing the differences in time behavior of the received pulse signal for different respiration phases [47] , [48] . Two experimental setups were considered: a commercially available impulse radar system integrated on a single chip, and an indirect time domain reflectometry technique using a vector network analyzer controlled by LabVIEW, see Fig. 17 . Results indicate that a small reflection due to the lung boundaries can be detected in the received pulse when the UWB source is placed close to the human body. This technology allows the sensing of breathing activity without interfering with the daily activities of the subject.
VI. CONCLUSION
UWB technology has opened up a window of opportunity for WBAN systems, which may provide a low cost but efficient solution for many WBAN applications. It is foreseen that wearable UWB technologies will rapidly progress with more practical applications and emerge as an important field in consumer wireless electronics in the near future. In this review, first several designs of wearable UWB antennas are listed, followed by an overview of studies of on-/off-body channels. Finally two applications of WBAN-UWB are also briefly introduced. Due to the dynamics in this research area, this review is not exhaustive but has to be seen as reflective of the current state-of-the-art. 
